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Inequalities that sharpen the triangle inequality
for sums of N functions in L

Eric A. Carlen, Rupert L. Frank and Elliott H. Lieb

Abstract. We study LP inequalities that sharpen the triangle inequality for sums of N
functions in LP.

1. Introduction and main theorem
Since |z|? is a strictly convex function of z€C for p>1, for any NN,
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with equality if and only if z;=z; for all 4, j. It follows immediately that for any set
{f1,-.., fn} of measurable functions on any measure space,

(1) RIS T

and there is equality if and only if for almost every x, f;(x)=f;(z) for all 4, j.

The inequality (1.1) implies the triangle inequality for the LP norms, ||-||,:
Suppose that g and h are two functions in LP and suppose that for some m,neN,
lgll,=m and [|h|,=n. Let N=m+n, and define f;=-=Lg for 1<j<m, and f;=1
for m+1<j<N, and note that each f; is a unit vector. Then (1.1) says that

nwwu) a7
-2 (isie) =/ Fosl <5 Zymul

Work partially supported by NSF grants DMS-1501007 (E.A.C.) and DMS-1363432
(R.L.F.).



58 Eric A. Carlen, Rupert L. Frank and Elliott H. Lieb

That is, ||g+k|, <|lgllp+ |7 p, which is the triangle inequality in LP. By homogene-
ity, the condition on the norms of g and h reduces to the ratio of these norms being
rational, and then by continuity, the condition on the norms may be dropped alto-
gether. In this elementary argument, we loose information on the cases of equality
when ||g|,/||R]|p is not rational. If however we can sharpen (1.1), then we can also
sharpen the triangle inequality, as we show below.

In this paper we shall prove several theorems that sharpen (1.1). First rewrite
(1.1) as

N — N
(1.3) 13251 fillp < NP2 11515 -

One case in which (1.3) leaves much room for improvement is that in which the
functions f1, ..., fv satisfy f;f;=0 for all i£j; that is, the functions have disjoint
supports. Then |fi+...4+ fn[P=|f1|[P+...+|f~]|P, and hence in this case the factor
of NP~!in (1.3) is superfluous, and

(1.4) Do ES vl A1

We seek inequalities that interpolate between (1.3) and (1.4) in the sense that

they sharpen (1.3) and reduce to (1.4) as || fif; Hﬁg goes to zero for all i#j. Towards

this end we define

Ny —1 p/2
H(z) i<y ifil]|
X sy A1

(1.5) Lp(fi s fN) =

Here and in the following, we write || f||,:= ([ | f[F) VP for all p#0 despite the fact
that for p<1, ||-||, is not a norm, as the notation may well suggest.
Note that

(1.6) 0<Tu(f1,...,fn) <1,

with equality on the left if and only if all of the functions have disjoint support,
and on the right if and only if all of the functions are equal. Thus, for any >0, an
inequality of the form

(1.7) 1555 £illp < [T+ (N =15 (fa, s S0 S0 1518

would interpolate between (1.3) and (1.4), and sharpen the former.
At p=2, there is actually an identity of this form: Since for non-negative f;,

22i<j f fil;

Lo(fi,. fn) = 7
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it follows that
(1.8) IS fill3= 1+ (N =D)Ta(fr, e S S0 1513

which is (1.7) for p=2 and r=1, except that it holds as an identity and not only an
inequality.

In this paper, we will prove inequality (1.7) for p>2 and with r=r(N, p) spec-
ified below. This inequality stands in the same relation to the identity (1.8) that
Clarkson’s inequality [6] (see also [2]):

g+h g—h
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(1.9)

]

p

stands to the Parallelogram Law, the identity between the left and right sides of
(1.9) at p=2.

For 1<p<2, we prove that the reverse of (1.7) is valid for r=r(N, p) specified
below. In this case, the inequality does not sharpen the triangle inequality. Instead,
it complements it by providing a lower bound on ||z:j\,=1 fillp-

Our main theorem is the following:

Theorem 1.1. (Main Theorem) For any N >2, and any set of N non-negative
measurable functions f1,..., fn on any measure space, and all p€(2,0),

p—1
(1.10) ISy FillE< | 1+ (N=D)Ty(fr, s )P SN 1518
where
(1.11) r(N,p)= 2N

- 2N+(p—2)(2N-1) °
For pe(1,2) the reverse inequality is valid.

Notice that r(N, 2)=1, so that the inequality (1.10) reduces to the identity (1.8)
at p=2. The case N =2 is special. This case was considered by us in [4] where (1.10)

was proved with 2/p in place of r(2,p). Note that r(2,p)=————<—. and
p /p in p (2,p) (2,p) 3-2)

since ', (f1, f2) <1, the larger the exponent r in (1.7) is, the stronger the inequality

is. However, as we shall show here, N >3 is significantly different from N=2. The

inequality (1.10) would reduce to the inequality found in [4] for N =2 were it possible

to replace r(N,p) by
2N N

(1.12) M) = N -2 eN -2 N4 (p-2(N-T) °

We shall see below why this is possible for N=2, but not for N >2.
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For N=2, there is only one pair of functions to consider. When there are
more pairs, there are several choices that one might make in defining the quantity
I'y(f1,..., fn). Another possibility that may at first seem more natural is

-1
() Sics 1851125
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(1.13) Cp(fis o ) =

By Jensen’s inequality, for p>2 (or p<0),
FP(flv"'va)Sfp(flv'“afN) )

and this inequality reverses when pe(0,2). Hence, for p>2, where inequality
(1.10) sharpens the triangle inequality, it implies the corresponding inequality with

Lp(f1,..., fn) replacing T'p(f1, ..., fv). Note also that for all IV,

1
1.14 N,p)>—.
(1.14) r(V.p)>
By combining the last remarks, we have the following immediate corollary of The-
orem 1.1.

Corollary 1.2. (Simplified Bound) For any N>2, and any set of N non-
negative measurable functions fi,..., fx on any measure space, and all p€(2,00)

p—1
(1.15) 150 FillE < {1+ (N = DT (f1, oo SV @D S22

For pe(1,2) the reverse inequality is valid.

Remark 1.3. We shall show below that this inequality does not hold, uniformly
in N if the exponent 1/(p—1) is replaced by any larger value, though of course, for
each N, we may replace it by r(N,p), and the inequality is still valid.

We now show how Corollary 1.2 yields a sharpened form of the triangle in-

equality for p>2. Let g,h€ LP, and define A\:= 7“9”“ “‘lf’h” . Choose integers my so
P
that limy oo "X =\. Define

gl
pt
u 1<j<mpy

-1 -1
u:=/g gl , wv:=|h h| and f;:= .
lol ol o= A and =gt SERY

Then, reasoning as in (1.2),

||g|+|h||p)p , / e P
1.16 T ) gy ‘_ v f_‘ ,
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and now we apply Corollary 1.2 to estimate the right side: We find

1 1/(1-p)\ P!
SR a] < (545 (avra-anpulzs) )

() () 7))

Taking N to infinity, we obtain

where

gl + 1Rl \* _ 2 2 %
(1.17) (”g||p+||h|p < A (1=A)2+20(1=N) Juw |25
(1.18) = 1-2X(1=A)(1—luv|272)
(1.19) = 1-N1=\)|[uP/2—vP/?||2 .

Expressing this in terms of g and h, and using |g+h|P <||g|+|h||? for p>0, we
have proved:

Theorem 1.4. (Improved Triangle Inequality) For all non-zero functions
g, helP p>2,

1/p
llgllpll7[|, glP/?  |h|P?
(1.20)  flg+hl,<|1- (lgllp+NAllp) -
g (gl +R10)2 || 122 022, e

Somewhat different stability results for the triangle inequality have been proved
by Aldaz; see [1, Theorem 4.1]. His bound involves the L? distance between
loll;"2lgl?/2 and lg-+hlly2lg-+h[?/2 as well as between [hll;"/2/["/2 and [lg+
hp? / *|g+h[P/2. His inequality is based on a stability result for Holder’s inequal-
ity for non-negative functions. A somewhat stronger stability theorem for Holder’s
inequality that does not discard information about phases by passing from g and h
to |g| and |h| in the first step, was obtained in [5]. This may be applied with dual
indices p and p/(p—1) to ||g+h|5=[ gw+ [ hw where w=|g+h|[P~'g+h to prove a
variant of Aldaz’ bound that does not discard phase information.

2. Proof of Theorem 1.1

The proof of Theorem 1.1, for all N, is actually relatively simple compared to
the proof of the slightly more incisive result for N=2 that is proved in [4].
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Proof. As in our previous paper [4], we replace the measure du with the prob-

ability measure
1

dv=————
N
122521 fillp

having assumed without loss of generality that ||Z:;V:1 fillp<oo. We then replace

N
|Zj=1 filPdu

each f; by (Zj\;l f;) "' fi. Rewriting (1.10) in terms of the new measure and the new
functions, we see that it suffices to prove (1.10) under the additional assumption that
the reference measure is a probability measure and the functions satisfy Zjvzl fi=1
almost everywhere.

We proceed under this assumption, first considering p>2. Then

Zi<j fifj:% (1_2;'\[:1 fj2) :

Define
N
B::ijlff]p .
Then (1.7), which is (1.10) with a non-specific value of r, becomes
1 /Ny -1 N o\ \P/2 7=l
Nf(i(Q) (1_Zj=1fj))
2.1) 1< |14+(N-1) = B.
By Jensen’s inequality (2.1) is implied, for p>2, by
1 (N1 N 22\ !
N(E(z) (I_ijlffj))
2.2) 1< |14(N-1) B.

B

By Holder’s inequality,

ff2 :ff(p,Q)/(p,l)fp/(p,l) < Hf(P*Z)/(P*l)||(p_l)/(p_2)”fp/(pfl)Hp_l
23) = I ) e

There is equality if and only if f is constant on its support. Using this inequality,
and Holder’s inequality once more, again with exponents (p—1)/(p—2) and p—1,

(p—2)/(p—1) 1/(p—1)
4) T [ 2<(S 60 (S lp) =By
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Therefore, (2.2) is implied by the inequality
ry p—1
1y (1_31/@71)))”/2

N (2 2
(2.5) 1< | 14(N-1) e B

in the single parameter B, which can take values in the range N'P to 1. (To
see this fact, note that since Z;\Ll fj=1 almost everywhere, Z;vzl fjp <1 almost

1/
everywhere, and by Hoélder’s inequality, 1:2?’:1 fi< (Zj\le f;’) " NG-1/p 2

The following change of variables is useful: we write
1 Pt _ N-1
(2.6) B:(N—HC) =NL-P (1+Nx)? U for ngST .

Then

1 (i_pve-ny_ L (N
N(N-1) (1 B >_N2 y=)

and hence

1 p/2 N p/2
N( o (1-BYPD =N'*P (1 :
(N(N—l)( ) N-1"

The inequality (2.5) is therefore equivalent to

p/2
(1-%0)

(1+Nz)r—1

r

(2.7) N<|1+(N-1) (I1+Nzx) .

Note that in this parameterization, we eliminate the “outside” power of p—1.
It remains to prove (2.7) with r=r(N,p) as specified in (1.11). With this value

of r,

1 2N -1

S =1 —2

Y
and therefore

1 1

2. —l--=——(p-2).
(2.8) P S=oNP2)

Likewise, simple computations show that

p 1 (»-2)(V-1)
(2.9) £- WEEA T

r 2N



64 Eric A. Carlen, Rupert L. Frank and Elliott H. Lieb

Distributing the factor of (14 Nz) that is on the right in (2.7), we obtain the
equivalent inequality,

(1—%1‘)”2 "

N<QNo)+(N=-1) | aoymy=i—r |

or, equivalently,

(o) )

< = 7
N-1") = (+Nap—1-1/r

which further simplifies, using (2.8) and (2.9), to

) N 7(1)—22)5\7N—1)
o N
1+Nz)2¥ <(1-—

(480 < (1o 7o) ,

and then again to

N 1-N
2.10 1+Nz<|[1- .
(2.10) + x_( N—lx)

This is trivially true for 0<x < % by convexity.

Now consider the case p€(1,2) so that p—2<0, However, for all p>2— 2]2\,1\_[1,
r=r(N,p) is positive. In particular, this is true for all p€(1,2). Since now p/2€
(0,1), Jensen’s inequality again says that the the reverse of (2.1) is implied by the
reverse of (2.2). The exponents in the applications for Holder’s inequality in (2.3)
and (2.3) are (p—1)/(p—2)<0 and p—1<1, and hence, integrating only over the
support of f in (2.3), the reverse Holder inequality yields the reverse of (2.3) and
(2.4). Thus, it remains to prove the reverse of (2.5). We proceed as above, and since
r>0, each step leads to the reverse of its analog, until the very last one, in which
we raise both sides to the 2N/(p—2) power. Since this is negative, the inequality
reverse, and we have reduced the reverse of (2.5) to (2.10) as before. O

3. Sharpness of the inequalities

Theorem 3.1. The inequality (2.5) is valid with r=r(N,p) given by (1.11),
but it is false for any larger value of r.



Inequalities that sharpen the triangle inequality for sums of N functions in LP 65

Proof. As shown in the previous section, under the change of variables (2.6),
the inequality (2.5) becomes the inequality (2.7). To leading order in z,

/2
(1-we)”
N 1—ax+0(x2) where oo =

N
2N_2((1)—2)(2]\7—1)4-3N) .
Therefore, (2.7) says that 1<[N—(N—1)ra+O(z?)][N~1+x], and this can only

hold if
N?Z 1 2N

> — = .
"SN-1a 2N+(p-2)2N-1)
We have already seen that (2.7) is valid with r=r(N,p) given by (1.11). The
expansion shows that this is not true for any larger value of r. 0O

Because (1.7) is a weaker inequality than (2.5), this leaves open the question
whether (1.7) could be valid for larger values of r, even though (2.5) is not. We
have seen that this is the case for N =2, and that in this case, the optimal value of
r is 2/p. However, the case N=2 is somewhat special, as we now show.

Let the measure space be [0,1) equipped with Lebesgue measure. For j=
1,..,N,let A;j=[(j—1)/N,j/N). Define

N )a TEA;
f](x)_{i,_al £C¢Aj, aE[O,l].

For a=1/N, each f; has the constant value 1/N. With this choice, Z;V:1 fi(x),

Eé\;l fi(z)and 37, fi(x)f;(x) are all identically constant on account of symmetry
in the sets A;, and

N
(3.1) > fi=1,
=1

(32) S = (ﬁ) (1—ay,

=1
(3.3) (J;[) ;fifj:%—ﬁ(a—l/f\fﬁ )

and therefore,

aP+(N1_1)p_1(1—a)p

1 1 a— 132 p/2
(3.4) Fp(fl,...,fN):<N(W - )?) )
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Then (1.7) would imply
(3.5)

p/2y T\ Pl
1< | 1evon) N(%@_(TW) (o ()" 1-a)
@+ (xs)" (-ap

= KN»Z’(G‘) 9

and there is equality at a=1/N, in which case all of the f; are equal, and as well
at a=1, in which case all of the f; have mutually disjoint support. For N=2, the
function K3 p(a) is symmetric in a about a=1/2, and there is also equality at a=0.
For N >2/ this is not the case. We can now deduce several restrictions on the values
of r for which (1.7) could possibly be valid in general.

One such restriction comes from the fact that since there is equality in (3.4)
at a=1/N, this value of a must at least be a local minimizer of Ky ,(a).

A Taylor expansion of (3.2) about a=1/N yields
(Hp(p—l) N? 5 p(p—1)(p—2) N*(N-2)

3 4
SRR s : )2 2 +O(t )) ,

N
(3.6) > fr=N'""

j=1
where t=a—1/N. From here one easily finds that the inequality Ky ,(a)>1 implies

_ P (=N =p+2) »  p(p—1)

0= == N(N=1) 2(N—1)

240t ,

N
and this is true if and only if r< N+(p—2)(N-1)

than 7#(N,p) as defined in (1.12). Note that 7(2,p)=p/2, and so this necessary
condition on 7 also turns out to be sufficient for N =2. However, it is not sufficient
for N>2: Note that the cubic term in (3.6) vanishes only for N=2. For all other
N, when r=7(N,p), a=1/N will be an inflection point of Ky ,(a), and not a local
minimum.

. Thus, we must take r no larger

Remark 3.2. The same considerations apply to the family of inequalities
N = 1N
(3.7) 132520 fillp < L+ (N=D)T5 (Frs e S 2520 I511B
because for our trial functions, f;(fl, o IN)=T5(f15 05 ). Thus, (3.7) is valid
for r=r(N, p), but not for »r<7(N,p). Since
. L 1
]\}gnoor(Nap) 7]\}1~I>nooT(N’p)7E )

it follows that the exponent 1/(p—1) is optimal in Corollary 1.2, as claimed in
Remark 3.2.
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The simplest way to demonstrate that things do go wrong for r=7(N, p), N>2
is to compute Ky ,(0): Ky ,(0)>1 if and only if

In(N—1)—In(N—2)
(3.8) rs (5-1)In(N)+In(N-1)-§In(N-2)

For example, with N=3 and p=4 the right side is

In(2)

(3.9) m =10.386852807...

However, 7(3,4)=2=0.428571428..., while 7(3,4)=2=0.375: The sufficient value
r(3,4) is quite close to the nececessary value specified in (3.9). Numerical experi-
ments show that with = given by the right side of (3.8), the inequality Kn ,(a)>1
is likely to be valid, but of course, the inequality Ky ,(a)>1 is only a case of the
inequality (1.10) for a very special choice of the functions f1,..., fy. These trial
functions were chosen to make Z;\;l fjp and ), j fif; constant. A convexity argu-
ment was used in [4] to reduce to this case, but the convexity on which this reduction
relied fails already for N=3 and p=4. Thus, while it is possible that the exponent
r in Theorem 1.1 could be improved slightly for N>2, it cannot be improved by
much.

4. Related results

Until recently, most of the results related to our main theorem have concerned
the case N=2. That there should be some strengthening of the elementary inequal-
ity (1.1) was first suggested in 2006 by Carbery, who proposed [3] several plausible
refinements for N=2 and p>2, of which the strongest was

A 7 A U
(1) / ot < ( ||f||p||g||p> / (1777 +1917)-

There is equality when f=g as in (1.1) and also when f and g have disjoint
support. The first proof of (4.1) is in [4], where the following stronger result is
proved.

(1.2 J1rar < (o)™ [asesiar.

where I',=TI",,(f, g) is defined in (1.5).
By the arithmetic-geometric mean inequality (4.2) is stronger than (4.1), and
the difference can be significant. Not only is (4.2) stronger, it is sharp, in the sense
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that I‘JQ,/ P cannot be replaced by I, for any r<2 /p. This leaves open, however, the

possibility of replacing (1 —|—I‘12)/ P)p=1 by some other function of T',. After this paper
was completed we received the preprint [8] in which such an inequality was proved:

2 + 2

1/ 1/p\ P
1 1-r2\ (1 ez
(4.3) / FESIY N / (If1P+1gl?).

It is not at all obvious that (4.3) is stronger than (4.2). The inequality

1=z (1-yizz) =1
o () () ey

2

which is valid for all 0<~v<1, is equivalent to the inequality proved in [4, Theo-
rem 1.3], as noted in [8]. Indeed, this inequality for all p>2 is within a few percent
of being an identity, and thus there is little numerical difference between (4.2) and
(4.3). The significant difference is that the function of I', on the right side of (4.3)
is shown to be the best possible in [8] in that for all y€[0, 1], on any “nice” measure
space, there are functions f and g for which I', ( f, g) =", and such that equality holds
in (4.3). However, even knowing that (4.3) is a non-improvable result for N=2, one
does not have a new proof of (4.2) that does not rely on [4, Theorem 1.3].

Although Carbery proposed (4.1) only for p>2, the inequalities (4.2) and (4.3)
have been shown to hold for all p, with reversal of the inequality for p<0 and
pe(1,2).

Carbery’s paper suggests that an extension of (4.1) for N functions might be
possible with a right hand side that involves certain matrix norms of the N x N
matrix with entries %, see Section 3.5 of [3]. (There appears to be a typo
here; the proposal as written is not homogeneous.) His proposal partially motivated
this study. The paper [8] also contains a bound on the L? norm of a sum of N
functions for N>2, but it is for the case p€(1,2), and is of an entirely different
character than the one we present here.
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